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Caesium-templated lanthanoid-containing polyoxotungstates
Abstract
A family of novel lanthanoid-containing polytungstoarsenate(iii) polyanions with interesting structural
features has been isolated: six lacunary {alpha-AsW(9)O(33)} building blocks comprising unusual
pyramidal WO(5) units are templated by a caesium cation in a central cavity of the structure.
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Six members of a new family of novel lanthanoid-containing 
polytungstoarsenate(III) polyanions have been isolated via 
templation by cesium cations. Common to all of these structures 
is their polyoxotungstate framework comprising six {α-AsW9O33} 
building blocks interlinked by additional tungstate groups and 10 
lanthanoid ions, with evidence for unusual pyramidal WO5 units. 
 Polyoxometalates (POMs), i.e. the condensation products 
of early-transition metal oxoanions, are well known for their 
compositional versatility and the enormous number of discrete 
molecular species that offer a multitude of interesting 15 
properties.1 To a large degree, this versatility is due to the 
possibility to integrate a wide range of heterocenters into 
archetypal POM framework structures. 
 Since the first lanthanoid-containing POM was reported in 
1971,2 several research groups have investigated these hybrid 20 
clusters. Interest in lanthanoid-containing molecular systems 
has increased considerably in recent times owing to their 
physico-chemical properties that give rise to potential 
applications in catalysis,3 as luminescent materials,4 or as 
single-molecule magnets.5 In the case of high-nuclearity 25 
lanthanoid-containing polyoxotungstates, most structures were 
synthesized using tri-lacunary POMs as building blocks (e.g. 
[AsW9O33]9–, [PW9O34]9– and [P2W15O56]12–).6-9 Large and 
complex POM architectures have been obtained following the 
reaction of these precursor POMs with salts of Ln(III) ions. 30 
 The coordinative flexibility of the lanthanoid ions clearly 
renders them promising linkers of lacunary heterotungstate 
fragments, affording highly novel discrete structures. 
Moreover, the presence of a lone electron pair on the 
incorporated POM-heteroatom provides an open and flexible 35 
framework to accommodate them. Pioneering work on 
lanthanoid-containing POMs was reported by the group of 
Pope, including the synthesis of [Ce16As12W148O524(H2O)36]76– 
which contains the [AsW9O33]9– unit.6a This key lacunary 
POM also features in the complexes [Gd6As6W65O229(OH)4 40 
(H2O)12(OAc)2]38– and [Yb10As10W88O308(OH)8(H2O)28 
(OAc)4]40– reported recently by some of us8 as well as in the 
large Ho-containing POM [Ho5(H2O)16(OH)2As6W64O220]25-.9 
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However, the challenge remains to explore the conditions for 
the rational synthesis of high-nuclearity lanthanoid-containing 
POMs. We here report the synthesis and structure of six 55 
members of a novel family of polytungstoarsenate(III) anions 
containing six lanthanoid cations of general formula 
[Cs⊂Ln6As6W63O218(H2O)14(OH)4]25– (1) (Ln = Eu, Gd, Tb, 
Dy, Ho, and Er). 
 The synthetic strategy employed in the present work builds 60 
on that reported previously by some of us.8 All compounds 
were synthesized in a one-pot reaction from Na9[AsW9O33] 
and Ln(III) in a 1:3 molar ratio in 1 M NaOAc/AcOH buffer 
at pH 4.7.  
Fig. 1 Combined polyhedral and ball-and-stick representation 65 
of the polyanion 1 (Ln: blue, hexacoordinate W: green/brown, 
pentacoordinate W: black, As: pink, O: red, H2O: light blue, 
Cs: orange.) 
 
The compounds were isolated as mixed sodium-cesium salts 70 
(n = 50–76, cf. Figure S2): 
Na22Cs3[Cs⊂Eu6As6W63O218(H2O)14(OH)4]·CsCl·nH2O (Eu-
1),  
Na24Cs1[Cs⊂Gd6As6W63O218(H2O)14(OH)4]·3CsCl·nH2O (Gd-
1), 75 
Na21Cs4[Cs⊂Tb6As6W63O218(H2O)14(OH)4]·nH2O (Tb-1),  
Na22Cs5[Cs⊂Dy6As6W63O218(H2O)14(OH)4]·Cl2·nH2O (Dy-
1),10  
Na22Cs5[Cs⊂Ho6As6W63O218(H2O)14(OH)4]·Cl2·nH2O (Ho-
1),10 80 
Na21Cs4[Cs⊂Er6As6W63O218(H2O)14(OH)4]·NaCl·CsCl·nH2O 
(Er-1).  
 Single-crystal X-ray diffraction reveals that the compounds 
Eu-1, Gd-1, Tb-1 and Er-1 are isostructural and crystallize in 
 the space group P-1. Infrared and elemental analysis data are 
consistent with the same formulation for Dy-1 and Ho-1 (Fig. 
S3). 
 The parent polyanion 1 represents an unusual cryptand-type 
structure that encapsulates a Cs+ cation in the centre of a 5 
pocket with idealized C2 symmetry (cf. Fig. 1). The Cs+ cation 
is twelve-coordinate and it is linked to cluster surface oxygen 
centers of the polyanion and to the terminal aqua ligands of 
the lanthanoid ions. All attempts to isolate the novel 
polyanion type 1 with alkali cations other than Cs+ remained 10 
unsuccessful, indicating the essential templating role of Cs+ in 
the formation of these polyanions. The structure directing 
influence of the alkali cation has also been observed in the 
synthesis of the [Ho5(H2O)16(OH)2As6W64O220]25- polyanion 
that can only be obtained in the presence of K+ as a mixed 15 
sodium-potassium salt.9 Hence, the cation combinations 
(Na/K vs. Na/Cs) are decisive for the resulting arrangement of 
the {AsW9} fragments around the Ln centers. This is in line 
with our previous investigations on the structure control of 
alkali fluoromolybdates through tuning the size ratio of the 20 
countercations.11 
 
Fig. 2  Ball-and-stick representation of a fragment of the 
polyanion 1 showing the separations between the lone pair 
containing arsenic and lanthanoid centers (color as in Fig. 1). 25 
 
 Polyanion 1 is composed of three pairs of [B-α-AsW9O33]9– 
trilacunary Keggin units. Each of these is bridged to the other 
by a tungsten-centered octahedron, and the bridging tungsten 
center joins the two {AsW9} fragments by sharing two cis 30 
oxygen sites with each other, thereby creating an open pocket-
like structure: Two {AsW9} fragments surround a distorted 
square prism and its vertices are occupied by tungsten and 
lanthanoid centers (Fig. 2). 
 Each unique pair of bridged trilacunary Keggin units 35 
([Ln2As2W21O72(OH)4(H2O)6]10–) is connected to the other 
pairs ([Ln2As2W21O72(OH)3(H2O)6]9–) by two terminal oxygen 
sites of the Keggin units. Each individual pair contains one of 
the lanthanoids. Moreover, the unique building unit is 
connected to the other pairs by edge-sharing tungsten 40 
octahedra present in the central distorted square prism. Most 
interestingly, two of the dimeric Keggin units contain one 
penta-coordinate tungsten per moiety, which displays a 
distorted square pyramidal geometry that has not been 
previously reported in a metal-substituted heteropolytungstate. 45 
This result is surprising, because pentacoordinate tungsten has 
only very rarely been observed in iso-12 and 
heteropolytungstates13 to date. The tungsten site is probably 
forced to adopt this pentacoordinate environment in 1 due to 
the special steric strain created by the lanthanoid ion. The 50 
WO5 unit has long terminal oxygen bonds in the range 
between 1.94–2.10 Å (W-O). The distance between the 
heteroatom of the hexadentate {AsW9} ligand and the 
lanthanoid ion coordinated to two oxygen sites of each 
individual W3O13 group is about 3.8 Å and the distance 55 
between the lanthanoids in each pair is about 5.8 Å (Fig. 2). 
 Polyanion 1 incorporates an additional seven discrete WO6 
octahedra that link the six AsW9O33 fragments. These are 
likely formed from fragmentation of some of the [AsW9O33]9– 
lacunary polytungstate precursors during the course of the 60 
reaction, as has been observed previously for other complex 
POM architectures.8, 9 
 The lanthanoid ions are all eight-coordinate with distorted 
square antiprismatic geometries and Ln-O bond distances in 
the range of 2.19-2.50 Å. The coordination of each Ln center 65 
is composed of bridging oxo and terminal aqua ligands. The 
two lanthanoid ions in the unique pair display three terminal 
aqua ligands, whereas the other four lanthanoid centers are 
coordinated to two terminal aqua ligands. Bond valence sum 
(BVS)14 calculations indicate four hydroxo groups in 70 
polyanion 1. While two of them are located on the edge-
sharing W-O-W bonds connecting the pairs of the polyanion, 
i.e. between W21-O80-W22 and W42-O153-W43, the other 
two are on the terminal oxygen centers of the pentacoordinate 
tungsten centers.  75 
 
Fig. 3 µeff vs T plots of Gd-1 (red) and Er-1 (blue) in the 
temperature range 2–100 and 2-290 K at an applied field of B0 
= 0.1 and 0.1–5.0 Tesla for Er-1 and Gd-1, respectively. Exp. 
data: circles, best fits: solid lines, see text for parameter 80 
values. 
 
 Preliminary variable temperature magnetic susceptibility 
data for compounds Er-1 (2–290 K, 0.1 T) and Gd-1 (2–290 
K, 0.1–5.0 T) reveal spin-only magnetism under consideration 85 
 of the applied field (B0) for the Gd(III) (L ≈ 0, S = 7/2)-based 
species Gd-1 with a near perfect Curie-type temperature 
dependence of the susceptibility (C = 6 × 98.82 cm3Kmol–1, 
Fig. S4 and S5). The corresponding effective magnetic 
moment is µeff = 7.91 with a g value of 1.993.15 The slightly 5 
reduced g value is the result of mixing the excited multiplet 
6P7/2 into the ground term 8S7/2. The observed increase of µeff 
below 20 K (cf. Fig. 3) with increasing temperature and 
decreasing B0 is due to the saturation effect but not the result 
of antiferromagnetic exchange interaction between the six 10 
Gd(III) centers. 
 Compound Er-1, with six Er(III) centers (4f11, 4I15/2) in the 
{AsW9} ligand environments, approaches a room-temperature 
µeff value of 9.59 (cf. Fig. 3), in good agreement with the 
corresponding values of single Er(III) ions of 9.58.16 The 15 
observed increase of µeff with increasing temperature is due to 
the thermal population of higher multiplet states as a result of 
the ligand field effect.16 To determine the corresponding 
independent ligand field parameters Bkq (Wybourne 
notation17), the assumption of local D4h symmetry was 20 
sufficient to yield an excellent fit (cf. Fig. 3) for B20 = 240 
cm–1, B40 = 1550 cm–1, B60 = 230 cm–1, and a spin-orbit 
coupling parameter ξ = 2369 cm–1, in good agreement with 
other Er(III) compounds.18 Intramolecular magnetic exchange 
via the {AsW9} pathways is negligible in both clusters. 25 
 In summary, we have demonstrated that mid to late 
lanthanoid ions can act as highly efficient linkers to form 
large POM architectures in the presence of suitable cationic 
templates. We have isolated six novel polyanions in a 
straightforward, one-step reaction between lanthanoid salts 30 
and trilacunary lone pair containing tungstoarsenate(III) 
Keggin ions. The flexibility of these POM building blocks is 
evident from their arrangement around the lanthanoid ions, 
which has been templated by a structure directing Cs+ cation. 
Furthermore, a pentacoordinate tungsten center is reported for 35 
the first time in a metal-substituted heteropolytungstate. 
Detailed studies of the magnetic and luminescent properties of 
these species are in progress and will be reported in due 
course.  
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Notes and references 45 
Synthesis of polyanion Eu-1: A sample of Na9[B-α-AsW9O33] (0.493 g, 
0.20 mmol; synthesized according to the literature)19 was added to a 
stirred solution of Eu(NO3)3·6H2O (0.257 g, 0.60 mmol) in NaOAc/AcOH 
buffer (1.0 M, 25 mL) at pH 4.7. This solution was heated to 80 ºC for 60 
minutes and then cooled to room temperature, followed by the removal of 50 
a small amount of precipitate through filtering. A solution of CsCl (0.5 M, 
2 mL) was added to the filtrate, which was then stirred for 5 minutes and 
the resulting solution was left to evaporate. After several weeks colorless 
needle-shaped crystals were obtained that were of suitable quality for 
single crystal X-ray diffraction (yield: 13%).20 We also subjected Eu-1 to 55 
FTIR spectroscopy,21 elemental analysis22 and thermogravimetric analysis. 
For the synthesis of polyanion Gd1-Er1 and further analytical data see 
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